The Sichuan Basin (SCB), located east of the Tibetan Plateau, is surrounded by mountains. This study examines the influence of terrain and weather events on the diurnal cycle of the planetary boundary layer (PBL) and the vertical structure of the atmosphere over the SCB, by utilizing field data obtained mainly from Wenjiang Station (western SCB) for the period 20 June-19 July 2008. The results show inversion layers of specific humidity and prevailing wind directions in the lower troposphere from the southwest and northeast. Migration of the 500 hPa trough to the western SCB results in the formation of low-level jets and cyclonic circulation, induced by terrain obstruction of northward airflow entering the basin from its southeast corner. Migration of the 500 hPa trough to the west (east) of Wenjiang Station results in an abruptly decreased (increased) surface downward shortwave radiation flux, which is associated with an increased (decreased) cloud fraction. In turn, this results in decreased (increased) upward sensible and latent heat fluxes, and a decrease (increase) in the elevation of the mixing layer (ML). Rapid increase in the ML height depends not only on the intensity of nocturnal temperature inversions, but also on the stability of the lower troposphere. At Wenjiang Station, the period prior to rainfall events is marked by increasing water vapor, instability and wind speed, and the wind direction changes from westerly to easterly. Subsequent to rainfall events, the PBL is rapidly restored to its normal state. The PBL is an important source of water vapor for rainfall. An increase in water vapor in the lower troposphere during nighttime contributes to nocturnal rainfall. Basin terrain may play an important role in the formation of the southwest China vortex.
Introduction
The Sichuan Basin (SCB), located east of the Tibetan Plateau (TP), is surrounded by mountains. The basin's local atmospheric circulation is a¤ected both by its own terrain and that of the TP. The SCB is characterized by persistent deep stratus clouds (primarily nimbostratus and altostratus) during winter and spring, which result in a maximum annual mean cloud optical depth between 60 S and 60 N (Yu et al. 2004 ). The persistence of deep stratus clouds results mainly from the frictional and blocking e¤ects of the TP (Yu et al. 2004 ). The basin is at the downstream end of the southern branch of the airflow detouring around the TP, and is the cradle of the southwest China vortices (SWCVs), a rainstorm system of considerable interest (Kuo et al. 1986 (Kuo et al. , 1988 Wang and Orlanski 1987; Wang et al. 1993; Chang et al. 2000; Takahashi 2003 ). The wind fields in the planetary boundary layer (PBL) at Chengdu Station, in the western SCB, show regular variations characterized by alternating northeasterly and southwesterly flows, due to the influence of SCB terrain (Li and Gao 2007) . In addition, the unique combination of terrains in the SCB and on the TP results in frequent rainstorms in the basin, mostly during the night (Yu et al. 2007a (Yu et al. , 2007b .
Observations and numerical analyses show that the PBL have an important influence on the weather and climate of the SCB; the structure of the PBL is, in turn, a¤ected by synoptic conditions (Kuo et al. 1988; Wai and Smith 1998; Clark et al. 2003; Byun et al. 2004; Cha et al. 2008; Shin et al. 2009 ). In a numerical simulation of an SCB flood, Kuo et al. (1988) reported that a predicted 48 h rainfall maximum, derived in the absence of surface energy fluxes, is just one-third of that in the control simulation. Clark et al. (2003) , in a study of the impact of the spatial variability of PBL moisture on the tropical squall line, reported that enhanced humidity in the PBL results in increased rainfall. Simulation results using climate models with various PBL schemes show that di¤erent PBL mixing conditions lead to di¤erent patterns of circulation and precipitation (Byun et al. 2004; Cha et al. 2008; Shin et al. 2009 ). Using International Satellite Land Surface Climatology Project (ISLSCP) field experiment data, Wai and Smith (1998) reported that during surface trough development and cold front passage events, rainfall reaching the surface leads to the collapse of the surface layer (SL), a decrease in surface temperature, a depressed sensible heat flux, and a slow reduction and even temporary termination of evapotranspiration (Wai and Smith 1998) .
The few existing studies on rainstorms in the SCB have emphasized the importance of the PBL on the genesis and development of the rainstorm events. For example, Zou and Chen (2000) analyzed PBL characteristics during an SWCV event and indicated that imbalances in the dynamic forcing factors activated an increase in convergence and vorticity, which in turn accelerated the genesis and development of the SWCV. When the PBL at Chengdu Station is dominated by northeast winds, the PBL over the SCB is dominated by cyclonic circulation, accompanied by rainstorms (Li and Gao 2007) . On the other hand, when the PBL at Chengdu Station is dominated by southwest winds, the PBL over the SCB is dominated by anticyclonic circulation, accompanied by fine weather.
Although the PBL plays an important role in the genesis and development of regional weather systems and rainstorms, our present understanding of the PBL over the SCB is limited. This situation is attributed to the complexity of PBL structures, which are controlled by the characteristics of local and regional terrain features, as well as a paucity of observational data. Terrain features can cause variations in circulations in the PBL, by thermodynamically driving mountain circulation patterns and by mechanically forcing changes in air-mass velocity and acceleration. When thermodynamic and mechanical e¤ects are coupled, the resulting air movements can be complex (Whiteman 2000) . In the SCB, the terrain of the TP and that of the basin result in extremely complex PBL patterns and processes. In addition, wind fields and weather characteristics (clouds, precipitation, etc.) are dependent on background circulation patterns, which can further alter PBL structures.
The observations used in previous studies of the PBL over the SCB are twice-daily wind data observations at several fixed heights, and temperature and moisture data on isobaric surfaces, obtained from China Meteorological Administration (CMA) operational soundings; these data, however, provide only a rough approximation of PBL characteristics. In 2007, the first-ever PBL observation station in the SCB was established, as a part of a project of the Japan-China Meteorological Disaster Cooperative Research Center, started by the Japan International Cooperation Agency (JICA). Using intensive observations from this station, the present study analyzed the vertical structures of the PBL and the free atmosphere over the SCB, to reveal the influences of the terrains of the TP and the SCB, as well as various weather processes, on the vertical structure of the PBL and the free atmosphere.
The remainder of this manuscript is organized as follows. Section 2 describes the dataset and methodologies used in the study, and Section 3 presents the summertime average PBL characteristics revealed by the new dataset. Section 4 describes the di¤erent PBL and free atmosphere structures over the SCB under distinctive weather processes. Finally, a discussion and summary are provided in Section 5.
Data and methodology
The establishment of a PBL observation station in the SCB (Wenjiang Station) in February 2007 was one of JICA's key projects in Sichuan; the station provides long-term continuous measurements that can be used in analyses of SL structures. Wenjiang Station (30.42 N, 103 .50 E; altitude: 544 m) is located in the western SCB (Fig. 1) , a region of flat terrain and agricultural land use (mainly rice cultivation during wet summer months) that is representative of land use in the SCB. During 20 June-19 July 2008, intensive sounding observations were conducted in the SCB. The soundings were conducted four times each day, at 01:15, 07:15, 13:15, and 19:15 local solar time (LST; hereafter, all times are given in LST), to obtain measurements that depict diurnal cycles in the PBL.
Surface observation systems at the Wenjiang Station consist of the following components. (1) A gradient measurement subsystem, which conducts measurements of wind speed and direction (034B), and temperature and relative humidity (HMP45C) at heights of 1. 43, 4.80, 9.05, and 18.25 m. (2) A radiation measurement subsystem, located 4.17 m from the main tower, which conducts 4-channel (upward, downward, longwave, and shortwave) radiation measurements (CNR1) with radiometers at heights of 1.40 and 1.50 m, and an infrared thermometer (IRR-P) for surface temperature measurements, located 4.16 m from the main tower and mounted at a height of 1.40 m. (3) A threedimensional supersonic anemometer (CSAT3), which measures three-dimensional wind speed and sonic virtual temperature at a frequency of 10 Hz. (4) An infrared gas analyzer (LI7500), which measures densities of carbon dioxide and water vapor in the air at a height of 15 m. (4) A conventional ground-observation subsystem, which measures pressure (PTB200) and precipitation (RG13H). A CR3000 datalogger is used to control the sensors and collect all data. Three sounding observation stations are located in the SCB (Fig. 1 At Wenjiang Station, the temporal resolution of the sounding system is less than 1.5 s; the standard uncertainty of the temperature measurements is less than 0.3 C; the standard uncertainty of the relative humidity measurements is less than 5% (10%) for temperatures higher (lower) than À25 C; the standard uncertainty of pressure measurements is less than 2 hPa (1 hPa) for pressures higher (lower) than 500 hPa (Li 2006) . These measurement precisions meet the World Meteorological Organization's (WMO) requirements. Information about the above-mentioned sensors is listed in Table 1 .
Because of the di¤erent precisions of the sounding measurements at the three stations, we used mainly the higher precision sounding data from the Wenjiang Station for analyses of PBL structure, complemented by wind measurements (at heights of 300, 600, and 900 m) and humidity measurements (at pressure levels of 925, 850, 700, 600, and 500 hPa) from the Daxian and Yibin stations. The analyses also use the geopotential height ðfÞ and horizontal wind components ðu; vÞ data from the final analyses data (FNL) of the Global Forecasting System (GFS), National Centers for Environmental Prediction (NCEP), gridded at 1 Â 1 at 6 h intervals (http://dss.ucar.edu/datasets/ds083.2/).
The Edire software package (v. 1.5.028; http:// www.geos.ed.ac.uk/abs/research/micromet/EdiRe/), developed at the University of Edinburgh, was used for quality control and assessments of the eddycovariance system, using a run length of 30 min. During rainfall events, raindrops can fall on the CSAT3 and the optical windows of the LI7500, which can cause inaccurate measurements of wind and water vapor, respectively. Therefore, surface heat flux measurements are unreliable during rainfall; accordingly, we excluded periods of rainfall from surface heat flux analyses.
The ML height was determined by visual inspection of the sounding data, identified as the height of the base of the layer in which the potential temperature shows a marked increase and the specific humidity shows a marked decrease, relative to underlying layers.
3. Summertime PBL characteristics over the SCB
Circulation over the SCB
During the period 20 June-19 July 2008, circulation over the SCB at the 925 hPa level consisted of a closed cyclonic circulation, confined to the basin by the SCB's 450 m average elevation ( Fig. 1 ). Circulation at the 850 hPa level was also cyclonic; at this level, circulation patterns over the basin are connected to those of surrounding areas, such that the southerly wind entering the basin from the southeast transforms into a cyclonic flow along the borders of the SCB after it enters the basin area. At the 700 hPa, circulation is controlled mainly by airflow that has detoured around the south side of the TP and subsequently becomes cyclonic over the basin. At the 500 hPa, a trough dominates circulation patterns over the basin.
The circulation patterns described above indicate that general circulation patterns over the SCB are strongly a¤ected by terrain. There is no relationship between SCB circulation and large-scale circulation patterns at the 925 hPa level. Thus, the cyclonic circulation at 925 hPa is more likely forced by upper 850 hPa cyclonic circulation through a PBL process. At 850 hPa, cyclonic circulation is a result of the interaction between terrain and large-scale circulation patterns. We will further examine this interaction in Section 4.3. At 700 hPa, the cyclonic circulation is a result of the blocking e¤ect of the TP (Wang and Orlanski 1987) .
3.2 Diurnal cycle of surface-layer meteorological parameters The averaged diurnal cycle of SL meteorological parameters at Wenjiang Station during the period 20 June-19 July 2008 ( Fig. 2) indicates similar patterns in the daily variations of the latent and sensible heat fluxes; both fluxes are greater during the day (maximum values at midday) than during the night. The maximum latent heat flux is approximately 270 W m À2 (at 12:00). The maximum sensible heat flux of 30 W m À2 (at 11:00) is considerably less than the maximum latent heat flux. Generally, the sensible heat flux is upward during the day and downward at night. The latent heat flux was greater than the sensible heat flux at all times during the day, with their daily averages being 88.37 and 6.69 W m À2 , respectively. During 18:00-08:00, the potential temperature increased with height and the SL stratification was stable, while during 09:00-17:00 the potential temperature decreased with height and the stratification was unstable.
Water vapor strongly influences atmospheric stability. In the absence of water vapor, the stability of SL stratification strengthens. Humidity decreases sharply between the heights of 1.43 m and 4.8 m, but shows little variation between the heights of 4.8 m and 18.25 m. The diurnal variation in humidity is twin-peaked, with minima occurring at about 06:00 and 15:00; the maxima occur at 12:00 and 20:00 in the near surface portion of the layer, and at 09:00 and 21:00-02:00 in the upper portion of the SL. Further analyses indicate that nighttime humidity maxima occur successively later at higher levels within the SL. Generally, SL humidity decreases with height. During 02:00-10:00, a humidity inversion developed immediately above the ground surface, with humidity at the 18.25 m height being greater than that at the heights of 4.8 m and 9.05 m.
Wind speeds generally increased with height. During a 24 h period, wind speeds were generally low and showed little variation during the night and morning; wind speeds increased after 12:00, reached a maximum at about 14:00, and gradually decreased until 19:00. Surface temperatures were lowest at about 06:00, the time at which temperature inversions and downward sensible heat fluxes were most likely. Maxima in the surface temperature and the latent and sensible heat fluxes occurred at 12:00. Patterns of daily variation in the latent heat fluxes, humidity, and wind speed show that the maximum humidity at the 1.43 m height at about 12:00 was due to enhanced surface evaporation. The wind speed maxima at all four heights indicate strong turbulent mixing at 14:00. Thus, the humidity minimum at about 15:00 was most likely caused by the large upward transport of water vapor from the ground by strong turbulent mixing. On the other hand, during 02:00-10:00, nighttime humidity maxima at higher levels in the SL are probably related to suppression of upward water vapor caused by a stable nighttime SL. Because water vapor maxima usually occur at the top of the stable SL; upward transport of water vapor can occur only when the ML develops.
Characteristics of the PBL diurnal cycle
The PBL structure and diurnal cycle are depicted using sounding data from Wenjiang Station only, 
, and (e) wind speed (m s À1 ) and surface temperature ( C).
as this station yielded higher precision data than those of the other two sounding stations in the SCB. However, data for the 13:00 sounding at Wenjiang Station are missing for 15 of the 30 days of intensive observations (Table 2) ; therefore, the following analyses of the PBL diurnal cycle are based on the average values obtained for the 15 days with complete datasets. The diurnal cycle of the averaged values of meteorological parameters at Wenjiang Station (Fig. 3 ) shows a deep low-level temperature inversion at night; the average depth of the inversion was 300 m, and the greatest inversion depth occurred just before sunrise. The daily temperature range across the entire PBL was approximately 1 C, with the maximum and minimum temperatures occurring at approximately 19:00 and 07:00, respectively. The sensible heat flux was typically downward at night, because of strong temperature inversions at this time. The PBL stratification was stable at night as a result of the inversion, but was unstable at noon when the convective ML was at a height of approximately 300 m.
The PBL at Wenjiang Station had a distinct multilayer structure with a strong humidity inversion caused by moisture advection, the result of horizontal gradients in specific humidity near mountain slopes around the station. The specific humidity decreased nearly linearly with increasing height, at heights below 3000 m; it reached a maximum at 01:00, followed by a second maximum at 07:00, and showed little variation between 13:00 and 19:00. The vertical distribution of pseudo-equivalent potential temperature, an important indicator of the potential stability of an air mass, showed that overall the PBL was unstable and that multiple temperature inversions were present. The pseudo-equivalent potential temperature was highest at 01:00 and lowest at 13:00. The vertical profile of zonal winds showed two speed maxima, one occurring below 600 m and the other at approximately 2400 m. Zonal wind directions in the lower and upper PBL were opposite to each other. In the meridional direction, the PBL was dominated by northerly winds.
4. Vertical structures of the PBL and the free atmosphere in relation to di¤erent weather processes 4.1 Influence of the 500 hPa trough on the vertical structures of the PBL and the free atmosphere Below the 700 hPa level, the SCB is dominated by cyclonic circulation in summer, while at heights above the 500 hPa level it is dominated by troughs. Synoptic analyses indicate that the location of the 500 hPa trough strongly influences the weather over the basin. Below, we analyze the influences of the 500 hPa trough on the vertical structures of the PBL and the free atmosphere.
At Wenjiang Station, variations in 500 hPa synoptic patterns, cloud fractions, and ML heights are strongly related (Table 2) ; when the 500 hPa trough migrated to the west of Wenjiang Station, the cloud fraction was 100% and the ML height was low; when the 500 hPa trough migrated to the east of Wenjiang Station, the cloud fraction was greatly reduced and the ML height was high.
In what way is the cloud cover at Wenjiang Station related to the position of the 500 hPa trough? Fig. 4 shows composite 500 hPa geopotential heights and 700 hPa winds for days when the 500 hPa trough was located either to the west or to the east of Wenjiang Station. The data indicate that migration of the 500 hPa trough is closely related to the position of the western Pacific subtropical high (WPSH). When the 500 hPa trough was located to the west of Wenjiang Station, strong southwesterlies loaded with moist air, located in the northwestern WPSH, reached the western SCB, accompanied by weak cold air intrusion in the western SCB, along the northeastern periphery of the TP. This synoptic situation favors the rising of moist air and the formation of clouds. When the 500 hPa trough was located to the east of Wenjiang Station, strong southwesterlies associated with the WPSH moved eastward, to the east of the SCB, resulting in the eastward migration of the corresponding confluence zone of the southerlies and the northerlies. At this time, dry cold air from mid-latitude regions prevailed in the western SCB, resulting in less cloud cover.
The MLs during the observation period reached as high as 1500 m and as low as 90 m. The highest ML occurred when shortwave radiation was persistently strong after a period of low cloud cover lasting for several days. Daily variations in the surface shortwave radiation flux (Fig. 5a ) and the cloud fraction (Table 2) indicate that cloud cover has a significant influence on surface shortwave radiation. Variations in the surface heat flux (Figs. 5b, c) further demonstrate that solar radiation is an important factor controlling surface sensible and latent heat fluxes. The sensible and latent heat fluxes are both strongly correlated with the solar radiation level. We next analyzed the characteristics of the PBL diurnal cycles at Wenjiang Station during times when the 500 hPa trough was located to either the west or east of Wenjiang Station, using data from 26 June and 8 July; the data from the two days are representative of the entirety of observations collected during this study. When the 500 hPa trough had migrated to the west of Wenjiang Station, northwesterlies originating from mid-latitude and eastern China were confluent in the western SCB at 700 hPa, favoring cloudy skies (Fig. 6a) . Figure  7 shows the diurnal cycle of the vertical profiles of PBL meteorological parameters, corresponding to periods when the 500 hPa trough was to the west of Wenjiang Station. The PBL temperature was low due to a large cloud fraction. At night, the near-surface temperature inversion was weak. However, a strong inversion at a height of @600 m formed as a result of the temperature decrease in the whole of the PBL. At the 600 m inversion level, the atmosphere stratification was extremely stable. During the day, the large cloud fraction and low levels of solar radiation had a weak heating e¤ect on the surface. Both of these conditions were unfavorable for the development of MLs during the day. The low ML level caused high concentrations of water vapor within 300 m of the surface; the humidity maximum occurred at 01:00. Because temperature and humidity levels were high only within the lowest 300 m of the PBL, low-level air in the PBL was highly unstable. Northwesterly jets occurred in the PBL at about 07:00, the center of which were at a height of approximately 900 m.
When the 500 hPa trough had migrated to the east of Wenjiang Station, there were no convergence over the SCB at 700 hPa, with weak northerlies over the western SCB, favoring clear skies (Fig.  6b) . Figure 8 shows the diurnal cycle of the vertical profiles of PBL meteorological parameters, corresponding to periods when the 500 hPa trough was located east of Wenjiang Station. The cloud fraction was low at night, resulting in longwave radiation cooling that gave rise to a very strong nearsurface temperature inversion that could be as high as 270 m. In addition, the cooling led to an inversion at approximately 700 m, which was weaker and less stable than when the trough was located west of the station. Because the temperature in the free atmosphere near the top of the PBL was higher than normal at night, the lower troposphere was less stable. Also, the amount of solar radiation reaching the surface was relatively large when the trough was located east of the station, because of the low cloud fraction. Therefore, sensible heating of near-surface air was relatively strong, which rapidly destabilized the PBL and caused the rapid development of the ML. The specific humidity was relatively constant with height within the ML, but decreased rapidly above the top of the PBL. The development of the ML caused the upward transport of water vapor concentrated in the stable PBL, thus lowering the near-surface specific humidity and increasing the specific humidity in the upper PBL. The stratification in the PBL is nearly neutral; however, the combination of warm moist air in the ML and dry cold air in upper air masses results in a strong potential instability in the lower troposphere. In the ML, wind speeds were relatively Fig. 4 . Composite 500 hPa geopotential heights (contours; gpm) and 700 hPa winds (vectors; m s À1 ) at 14:00 LST for days when the 500 hPa trough had migrated to the (a) west and (b) east of Wenjiang Station. These days are listed in Table 2 . Source data: FNL of the GFS of the NCEP.
constant, and wind directions veered to the left with increasing height.
A comparison of the PBL diurnal cycles at Wenjiang Station for times when the 500 hPa trough was located to the west and east of Wenjiang Station shows that the rapid development of the ML depends not only on surface solar radiation, but also on the intensity of the temperature inversion at the top of the PBL, as well as the corresponding stability of the low-level troposphere. 4.2 Influence of precipitation on the vertical structure of the PBL and the free atmosphere Most rainfall events during the observation period occurred on 20 June, 30 June, 11 July, and 14-15 July (Fig. 5d) . The rainfall event on 14-15 July began at 02:00 on 14 July and ended at 11:00 on 15 July, with a total rainfall accumulation of 97 mm and a maximum hourly rainfall of 21 mm. This event showed typical night-rain characteristics, which include maximum intensities in the morning followed by weakening (and frequently disappearance) in the afternoon. The 14-15 July rainfall event was the basis for our analysis of the PBL structure during rainfall events.
Variations in the hourly surface heat fluxes (Fig. 9) indicate that before the rainfall started, both surface sensible and latent heat flux decreased. After the rainfall, the sensible and latent heat fluxes increased rapidly, returning to their normal levels by 16 July.
The variations in all PBL parameters (Fig. 10 ) indicate that the normal PBL diurnal cycle was destroyed during the rainfall. Temperature in the PBL decreased during the rainfall, and the decrease was enhanced at lower levels. A low-level ML existed before the rainfall, but no obvious mixing occurred during the rainfall. Prior to the rainfall, the specific humidity below 600 m was as high as 19 g kg À1 , far exceeding average levels. Water vapor concentrations below 900 m gradually decreased during the rainfall, but showed little variation at heights above 900 m, suggesting that the PBL is an important source of water vapor for rainfall. Atmospheric stratification was highly unstable prior to the rainfall, and pseudo-equivalent potential temperature was greatest immediately prior to the heavy rainfall. Variations in temperature and humidity demonstrate that the increase in the instability was related to an increase in water vapor in the atmosphere. After the rain started, a reduction in water vapor and a drop in temperature at low levels quickly decreased the pseudo-equivalent potential temperature, thus transforming the atmosphere from an unstable to a neutral state. As the rainfall event developed, water vapor and temperature at low levels were further reduced, relative to high levels, resulting in stabilization of the atmosphere. Westerlies in the PBL prior to the rainfall transitioned to easterlies after the rain started. During the rainfall, northeasterlies dominated at heights below 1500 m, and southwesterlies dominated at heights above 1500 m. Strong northeasterlies occurred during the rainfall, with the strongest velocity components being 14 m s À1 easterlies and 12 m s À1 northerlies; the maximum speed of the easterly component occurred at a higher level than that of the northerly component. Wind speeds weakened after the rain ended. According to the criteria suggested by Bonner (1968) , the vertical structures of wind speeds are characteristic of lowlevel jets.
Low-level jets
The foregoing analysis indicates that low-level jets are present in the PBL over the SCB. Below, we discuss the characteristics of the low-level jets and analyze their impacts on the vertical structure of the atmosphere at Wenjiang Station. Two events of low-level northeasterly jets occurred at Wenjiang Station during the observation period: one on 30 June (Fig. 11 ) and one on 14-15 July (Fig. 10) . Both of these low-level jets formed when the 500 hPa trough migrated to the west of the Wenjiang Station; their centers were located at a height of approximately 1200 m. Maximum wind speed is about 25 m s À1 on 30 June. The formation of the jets corresponded with a rapid decrease in the temperature and humidity of the PBL, and a stabilization of the atmosphere above the jet axis and a destabilization of the atmosphere below the jet axis.
Time evolution of wind vectors at heights of 300 m, 600 m and 900 m at all three statations in the SCB (Fig. 12 ) indicate that the low-level jet events at Wenjiang Station were accompanied by low-level jet events at the other two stations; the wind speeds were strongest at heights of 900 m and weakest at heights of 300 m. Further analysis shows that the low-level jet events at the three stations were part of a cyclonic circulation pattern, with southeasterlies, northeasterlies, and northwesterlies recorded at Daxian, Wenjiang, and Yibin stations, respectively. The jets at the three stations developed sequentially, forming first at Daxian Station, then at Wenjiang Station, and last at Yibin Station.
Large-scale circulation patterns for the low-level jet event of 30 June-1 July (Fig. 13) indicate that the reanalysis data are capable of delineating the evolution of low-level jets over the SCB. At 02:00 on 30 June, the 500 hPa trough migrated to the western SCB, because of adjustments in the atmospheric circulation pattern. As atmospheric pressure in the basin decreased, the southerlies entering the basin from its southeastern edge turned southeast in the northeast of the basin. With the 500 hPa trough deepening and migrating eastward, and the WPSH extending westward, the 850 hPa southerlies entering the basin through its southeastern edge accelerated and moved along the basin terrain due to its blocking e¤ect, and turned northeast above the western basin at 20:00 on 30 June. As the 500 hPa trough migrated to the east of the basin, the pressure in the basin started to increase, and the southerlies entering the basin weakened. The flow that was already present in the basin continued to move along the basin terrain at 08:00 on 1 July, turning northeast in the southern part of the basin.
The characteristics of the low-level jet event on 14-15 July were similar to those of the 30 June-1 July event (depicted above), and its evolution was also influenced by the migration of the 500 hPa trough (figure not shown). The above analyses show that low-level jets over the SCB are a result of cyclonic circulation in the basin, formed by strong southerlies entering the basin through its southeastern edge, which become cyclonic on account of terrain obstructions.
Variations in PBL wind directions at Wenjiang Station (Fig. 12) were characterized by alternating northeasterly and southwesterly flows; this is consistent with the findings of Li and Gao (2007) . Further analyses of variations in lower-troposphere wind directions at Wenjiang Station show that the alternating northeasterly and southwesterly flows also appeared at the 850 hPa and 700 hPa levels. Of the 105 soundings conducted at Wenjiang Station, at the 850 hPa level, 36% were southwesterlies and 24% were northeasterlies; at the 700 hPa level, 37% were southwesterlies and 43% were northeasterlies. The terrain surrounding Wenjiang Station (Fig. 1) suggests that variations in wind directions are related to the northeast-southwest orientation of the terrain to the east of the TP.
5. Discussion and conclusion
Discussion
Nocturnal rainfall is the dominant mode of the diurnal precipitation cycle in the SCB; however, its causes are poorly understood. In the SCB, the maximum pseudo-equivalent potential temperature occurs at 01:00 (Fig. 3) ; this would explain the formation of precipitation at night rather than during the day. The diurnal cycle of pseudo-equivalent potential temperature is controlled by the diurnal cycle of specific humidity; these features were also presented during the period of rainfall at Wenjiang Station (Fig. 10) . Previously, results of numerical simulations indicated that nocturnal rainfall is sensitive to variations in specific humidity in the PBL (Zeng et al. 1994 ). Kubota and Nitta (2001) also found that the accumulation of water vapor in the PBL contributed to nocturnal rainfall in the Western Pacific. The diurnal cycles of specific humidity at Daxian and Yibin stations show that minima occur in the lower troposphere at 12:00 (Fig. 14) . These observations indicate that the accumulation of water vapor in the PBL is one reason for increased precipitation at night. Previous studies of SWCVs indicate that the physical mechanisms responsible for their formation are di¤erent from those responsible for their development and maintenance (Wang and Orlanski 1987; Kuo et al. 1988; Wang et al. 1993; Chang et al. 2000) . While the formation of SWCVs is generally attributed to interactions between air flow and terrain, the principal energy for their development and maintenance is condensation heating associated with various physical processes.
Vortices are induced by a variety of interactions between flows and terrain. Previous studies have generally emphasized the importance of large-scale terrain features associated with the TP in the formation of SWCVs (Wang and Orlanski 1987; Chang et al. 2000) . In a numerical simulation of a representative sample of warm SWCVs, Wang and Orlanski (1987) found that the blocking e¤ect of the TP favors the development of a conditionally unstable environment. The SWCVs are triggered by migratory plateau boundary layer disturbances. Regarding the interactions between air flow and mesoscale terrain features, Guo et al. (1988) showed that as southwesterly monsoon currents impinge upon the meso-scale Yun-Gui Plateau, low-levels flows are blocked. The flows aloft then descend into the SCB on the lee side of the mesoscale plateau, creating cyclonic relative vorticity over the basin by a stretching of the earth's background vorticity.
Variations in the low-level jets suggest that the terrain in the SCB is important in the formation of low-level cyclonic circulation (Figs. 12, 13 ). When the 500 hPa trough is migrating to the western SCB, pressure in the basin is decreasing, and air flow enters the basin mainly from its southeast corner. This is followed by southerly airflows entering the basin, the movements of which are constrained by terrain, resulting in the formation of strong lowlevel cyclonic circulation. Therefore, we hypothesize that SCB terrain is an important factor in the formation of the SWCV, through the processes described above; however, more observations and the application of numerical simulations are required to validate this hypothesis.
Conclusion
Diurnal cycles in the characteristics of the PBL and atmospheric vertical structure induced by terrain and weather events were investigated on the basis of observational data collected by the JICA program during the period 20 June-19 July 2008. The main results are as follows.
(1) At Wenjiang Station, the averaged latent and sensible heat fluxes were 84.1 and 9.3 W m À2 , respectively. The SL atmosphere was unstable during the day and stable at night. Variations in water vapor concentrations a¤ected the stability of the SL. The diurnal cycle of specific humidity was bimodal, with the occurrence times of nighttime peaks successively delayed with increasing height.
(2) At Wenjiang Station, many inversion layers of specific humidity were present in the PBL, and the maximum specific humidity occurred at night. The PBL was potentially unstable at all times, and the pseudo-equivalent potential temperature reached its maximum at night. The accumulation of water vapor in the PBL contributed to the formation of nocturnal precipitation in the SCB.
(3) Migration of the 500 hPa trough to the west (east) of Wenjiang Station was associated with an abrupt decrease (increase) in the surface downward shortwave radiation flux at Wenjiang Station, which was caused by an increase (decrease) in the cloud fraction. This resulted in decreases (increases) in the upward sensible and latent heat fluxes, and a lowering (raising) of the ML height. A rapid rising of the ML depended not only on the intensity of the nocturnal temperature inversion, but on the stability of the lower troposphere.
(4) Periods prior to rainfall at Wenjiang Station were marked by increasing water vapor, instability and wind speed in the PBL, and the wind direction in the PBL changed from westerly to easterly. After rainfall, the PBL rapidly returned to its normal state. The PBL is an important source of water vapor for rainfall.
(5) Migration of the 500 hPa trough to the western SCB was associated with a decrease in atmospheric pressure and the formation of low-level jets with cyclonic circulation, induced by terrain obstruction of southerlies entering the basin from its southeast corner. The height of the maximum wind speed of the low-level jets was approximately 1200 m. Alternating southwesterlies and northeasterlies were present at Wenjiang Station.
